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INTRODUCTION
Freeze drying is an excellent method to dehydrate highquality foods, pharmaceuticals, and biomedical products with minimal thermal and chemical degradation [1, 2] . This is because the sublimation of ice at the conditions below the triple point of water (0°C and 611.73 Pa) is the main dehydration mechanism of freeze drying. However, freeze drying is a highcost process that requires high energy consumption and long drying time. Low heat transfer rate at such special operating conditions has been recognized as one of the reasons for the low productivities of freeze drying. Thus, several alternative heating methods other than conventional (conductive) shelf heating were proposed, including microwave heating [3, 4] and infrared heating [5] [6] [7] .
The microwave heating or infrared heating is advantageous for freeze drying in that it can directly provide the energy for ice sublimation without requiring a conducting medium. For example, infrared radiation can penetrate into drying products to a certain depth. The penetration depth of infrared radiation depends on the absorbance of ice which is the major absorbing element in drying products. Many solution products contain more than 70-80% water by mass. It should be noted that the measured absorption coefficient of ice [8] varies several orders of magnitude with respect to the wavelength of incident radiation. Far infrared radiation (3-1000 mm) is well absorbed by the drying products while near (0.75-1.4 mm) or mid infrared radiation (1.4-3 mm) is not.
In order to accurately consider the spectral absorbing characteristics of moisture-rich solution products, a spectral two-flux radiation model was used [9, 10] . In addition, the spectral composition of light from infrared heaters was also considered based on the Planck's law. This radiation model was combined with the previous freeze drying analysis model based on the fixed grid system proposed by Nam and Song [11] . The fixed grid analysis model is based on the sorption-sublimation model [12, 13] for heat/mass transfer, and ice sublimation inside porous products, and has been successfully used to simulate freeze drying and spray freeze drying processes [14] [15] [16] .
The infrared-assisted freeze drying characteristics of a solution product were investigated in detail using the proposed simulation model. The temporal evolution of temperature and pressure was studied along with the temporal reduction of moisture content inside the product. In addition, the spectral radiative transfer of infrared was studied by tracking the spatial variation of radiation intensity inside the product. Furthermore, the effects of infrared heater temperature on the freeze drying behaviors were also studied parametrically. These results were discussed in relation with the spectral effects in the radiative transfer in the moisture-rich product
THEORY AND CALCULATION
Physical Model
The physical model for the infrared-assisted freeze drying is shown in Fig. 1 . A solution product is first frozen to a subzero temperature in a stainless steel tray. Then, the chamber pressure is reduced to a vacuum pressure below 611.73 Pa (4.588 torr) and infrared heaters are turned on. As a result, the freeze drying of the solution product begins. In this study, the energy required for ice sublimation is assumed to be sorely provided by the radiation from the infrared heaters, excluding the conduction from the heating shelf in conventional freeze drying processes. Fig. 1 also shows that two distinct layers develop inside the products as the freeze drying progresses, which are the dried layer where ice completely sublimated and the frozen layer where ice still exists. Because the frozen layer of solution products is almost free of pore space, mass transfer does not occur in the frozen layer. Thus, ice sublimation occurs at the interface between the dried layer and the frozen layer, called the sublimation front (
). In Fig. 1 , the water vapor flux, w m , develops from the sublimation front to the chamber. Once the sublimation front reaches the bottom of the product at P L x = , the primary drying stage for the removal of free water is completed. Note that this study did not consider the secondary drying stage for desorption of (physically or chemically) sorbed water.
The transfer of infrared radiation is also depicted in Fig. 1 . Infrared radiation is absorbed, transmitted, and emitted inside the semi-transparent product. In addition, Infrared radiation also interacts with the opaque stainless steel tray surface. In the twoflux radiation model, the forward and backward intensities, . In the product, this radiation source is either transferred by conduction and convection, or again emitted as radiation.
Volume-Averaged Properties
The amount of ice in the product is quantified by the ice saturation, S . 
Here, e is the porosity and I e is the ratio of the ice volume to the total volume. Fig. 2 shows the microscale representations for the dried, frozen, and sublimation volume cells, along with an exemplary fixed grid.
Based on S in Eq. (1), the volume-averaged density, r , is defined:
where the subscripts F and D denote the frozen layer ( 1 = S ) and the dried layer ( 0 = S ), respectively. In Eq. (2) 
where p c denotes the specific heat. Similarly, the volumeaveraged thermal conductivity, k , is also written:
Heat Transfer
The conservation equation for energy including the heat transfer by conduction, convection, and radiation, and phase change can be written:
The first term in the right-hand side (RHS) of Eq. (5) is the phase change source due to the sublimation of ice, and the second term is the radiative heat source due to the absorption and emission of infrared radiation. The radiative heat source,
, is calculated for onedimensional space:
Here, . Eq. (6) indicates that the radiative heat source is originated from the spatial variation of forward and backward intensities due to the absorption and emission in the product. The detailed discretization of Eq. (5) can be found in [11] .
Mass Transfer
The conservation equations for water vapor and inert gas can be written:
The calculation of Eqs. (7) and (8) is required only for the dried layer. However, the RHS of Eq. (7) should be set to zero for calculating the vapor pressure, w p , because ice sublimation does not occur in the dried layer.
For the sublimation cells ( 1 0 < < S ) in which sublimation front resides, the following conditions are imposed: 
Here, ) (T p sat w is the saturation vapor pressure as a function of temperature [17] . Note that Eq. (9) assumes the equilibrium process, which is valid for freeze drying due to very low drying rates. For inert gas, the sublimation front acts as impermeable wall.
The mass fluxes for water vapor, w m , and inert gas, in m , are determined using the dusty-gas model [18] :
[ ]
where 1 k , 2 k , 3 k , and 4 k are the mass transfer coefficients (see Appendix for their definitions). For detailed information regarding discretization of Eqs. (7) and (8), please refer to [11] .
Ice Saturation
The temporal evolution of ice saturation, S , in the sublimation cells with 1 0 < < S is calculated:
Note that the sublimation rate equation of Eq. (12) is the mere rearrangement of Eq. (7) for sublimation cells with 1 0 < < S . The rate of reduction of S in a sublimation cell is equated with the sum of the vapor flow out of that cell, which is the first term in RHS of Eq. (12) , and the increase in the water vapor contained in that cell, which is the second term in RHS of Eq. (12) . Thus, Eq. (12) severs as the governing equation for the temporal evolution of S .
Radiative Transfer
In case for one-dimensional radiative transfer where the intensity is uniform in the forward (+) and in the backward (-) direction, the so-called two-flux radiation model (SchusterSchwarzchild approximation) can be used [9] . The spectral twoflux model is written:
Here, 
where SB s is the Stefan-Boltzmann constant (5.671´10
) and ) , ( T fr l is the is the spectral fraction function that determines the contribution of a sub-range intensity to the total emissive power (Planck's law):
where c is the speed of light (299.79´10 6 m s -1 ), P h is the Planck constant (6.626´10 -34 J s), and B k is the Boltzmann constant (1.381´10
-23 J K -1 ). Scattering effect was ignored in Eqs. (13) and (14) similar to other studies on conduction-radiation problems with moisture phase change [19] . The discretization of Eqs. (13) and (14) in the fixed grid was done based a space-marching scheme:
Noted that the spectral absorption coefficient for the product, l k , a , was determined by mass-weighting of that of ice: k a with respect to wavelength [8] ).
Boundary and Initial Conditions
For energy conservation equation, adiabatic conditions were imposed on the top surface of the product and the bottom surface of the tray:
For mass conservation equations, given pressure conditions were imposed on the top surface of the product:
In contrast, at the sublimation cell, the saturation vapor pressure was prescribed according to Eq. (9) or impermeable condition was given for inert gas. For frozen layer, pressure calculation was not performed.
For radiative transfer equations, the forward spectral intensities were prescribed at the top surface of the product:
where heat T is the heater temperature and Power is the total radiative power density measured at the top surface of the product (see Fig. 4 for the effect of heater temperature). The boundary conditions for backward intensities at the bottom surface of the product were given: Initially, all variables were assumed to be uniform at the beginning of the freeze drying process:
Simulation Conditions
A skim milk solution [12, 13] was chosen as a model solution product. The thermophysical properties for the product and operation conditions are listed in Table 1 . The volume cell size, x D , was set to 0.5 mm, and thus 40 volume cells were placed in the calculation domain of 2-cm product. The base simulation was conducted for the heat temperature of 1500 K and the total intensity of 1000 W m -2 . For parametric studies, the infrared heater temperature was varied as 1000, 1500, and 2000 K. For all calculations, the size of spectral sub-range was 
RESULT AND DISCUSSION
Freeze Drying Behaviors
Before investigating the freeze drying behaviors, we first looked into the transfer of infrared radiation in a fully frozen product ( 1 = S ). Fig. 5 shows the spectral composition of the forward intensity, + l I , at different depths from the top surface of the product. As can be seen in Fig. 5 , far infrared radiation (wavelength larger than 3 mm) is almost completely absorbed by the frozen product within a depth of 4 mm. In addition, mid infrared radiation (1.4-3 mm) is considerably absorbed within 20 mm thickness of the product. However, Fig. 5 clearly shows that near infrared radiation (0.75-1.4 mm) is not easily absorbed by the moisture-rich frozen product. Fig. 6 shows the simulated freeze drying behaviors with infrared radiation heating. The heater temperature was 1500 K and the total intensity was 1000 W m -2
. In Fig. 6 , the primary drying takes about 21 hr. The simulated drying rate (the time derivative of ice content) seems to remain relatively constant during the infrared-assisted freeze drying. This is partly because the radiative power supplied to the product is assumed to be constant. However, as the dried layer temperature increases, the radiation energy emitted out of the product through the top surface of also increases, resulting in the slow decrease of the drying rate. In fact, in Fig. 6 , the drying rate is about 1.54 times larger for the first four hours (0-4 h) than that for the last four hours (17-21 h) . Fig. 6 also shows the product temperature histories for the sublimation interface, the top surface, and the bottom surface. Note that the temperature at the sublimation front and the bottom surface are relatively similar due to the high thermal conductivity of the frozen layer (almost equal to that of ice). In Fig. 6 , the sublimation temperature gradually increases with time, which is primarily due to the increased mass transfer resistance corresponding to the growth of the dried layer. Because higher mass transfer resistance requires higher pressure differences between the sublimation front and the product surface, which in turn increases the sublimation temperature according to the thermodynamic equilibrium condition of Eq. (9) . Fig. 6 also indicates that the temperature at the top surface of the product increases significantly with time. This is because the heat transfer resistance increases as the dried layer grows. The infrared-assisted freeze drying is based on the energy transfer from the top surface of the product to the sublimation front through the dried layer. Thus, the increased heat transfer resistance requires larger temperature difference between the top surface and the sublimation front, resulting in a higher surface temperature. Note that temperature in the frozen layer should be maintained below the collapse temperature of the material to prevent melting, while temperature in the dried layer should be maintained below the scorch temperature to prevent denaturalization. Fig. 7 shows the spatial distribution of temperature, vapor pressure, and total forward and backward intensities in the drying product at the instance corresponding to 25%, 50%, and 75% drying progress ( S X equals 0.25 p L , 0.5 p L , and 0.75 p L ). In Fig. 7(a) , vapor pressure is defined only in the dried layer and has an almost linear distribution connecting two points:
The vapor pressure at the sublimation front, ) ( S sat w T p is found to increase with drying progress, due to the increased mass transfer resistance. On the contrary, the temperature distribution in the dried layer shows non-linear shapes, which is primarily due to radiation effects with the absorption and emission of infrared radiation energy in a low thermal conductivity medium. In Fig.  7(a) , the temperature distribution in the frozen layer is observed to be almost uniform around the sublimation temperature, which results from high thermal conductivity of the frozen layer and the adiabatic condition at the tray bottom.
The spatial distributions of forward and backward radiation intensities are shown in Fig. 7(b) for 25%, 50%, and 75% drying progress. Note that the total intensities, . In Fig. 7(b) , the incident intensity, + I , decreases rather fast in the thin region near the top surface at x=0. From Fig. 5 , it is believed that the spectral intensities corresponding to the far infrared ranges (larger than 3 mm) are absorbed within about 2-3 mm thickness of penetration. On the other hand, the radiation intensities in the mid infrared ranges (1.4-3 mm) are believed to be gradually absorbed in the product due to the small absorption coefficient of ice in those ranges. Fig. 7(b) shows that the total intensity experiences a slight change in the slope at the location of the sublimation front. This trend may be attributed partly to the difference in the absorption coefficient between the dried and the frozen layer. However, absorption coefficient for the dried layer is about 31% of that for the frozen layer, which points out that both coefficients are still on the same order of magnitude. Thus, the abrupt slope change observed at the sublimation interface in Fig. 7(b) is believed to be mainly caused by the different temperature levels in the two layers as shown in Fig. 7(a) .
Heater Temperature Effects
The effects of heater temperature on the freeze drying behaviors were studied by varying the heater temperature, heat T , as 1000 K, 1500 K, and 2000 K. It should be noted that the total radiative power density, Power, is fixed at 1000 W m -2 for all heater temperature simulations. Fig. 8 clearly shows that higher heater temperature (at a fixed total intensity) decreases the freeze drying rate significantly; the drying time is about 19 hr for 1000 K, 21 hr for 1500 K, and 25 hr for 2000 K. According to the increased freeze drying time, the sublimation temperature, S T , decreases as the heater temperature increases. As we have seen in Fig. 6 , the temperature in the frozen layer is believed to be similar to the sublimation temperature.
In Fig. 8 , it is observed that the product temperature at the top surface, top T , is significantly influenced by the variation in the heater temperature. The maximum product temperature is reduced from about 35°C for the heater temperature of 1000 K to about 0°C for 2000 K. This trend is believed to be caused by two reasons: First, the radiation intensity absorbed by the product itself is reduced as the heater temperature increases. Second, more radiation intensity is absorbed inside the product (not at the top surface) as the heater temperature increases. To investigate these characteristics, the spatial distributions of temperature and vapor pressure as well as the forward and backward radiation intensities are shown in Fig. 9 at the instance corresponding to 50% drying progress. Note that only the heater temperature is varied in Fig. 9 while the mass transfer and radiation absorption characteristics in the product are exactly same due to the fixed drying progress. Fig. 9(a) shows that both the temperature and vapor pressure decreases as the heater temperature increases. The temperature decrease in the dried layer is more noticeable than that in the frozen layer. The spatial distribution of forward and backward radiation intensities in Fig. 9(b) indicates that the radiation energy absorbed by the product decreases as the heater temperature increases.
The total radiation intensity absorbed by the product, for the heater temperature of 1000 K, 363 W m -2 for 1500 K, and 200 W m -2 for 2000 K. In summary, among the total radiation energy absorbed in the product, about 90% is absorbed by the dried when the heater temperature is 1000 K, while this percentage is reduced to 63% and 42% at the heater temperature is increased to 1500 K and 2000 K.
CONCLUSION
Numerical simulations were conducted to investigate the characteristics of freeze drying processes assisted with infrared radiation heating. The heat/mass transport in porous products, sublimation of ice, and transfer of infrared radiation were fully considered by the proposed freeze drying analysis model. The results showed that infrared radiation was readily absorbed by the moisture-rich product, with sharp drops in the forward radiation intensities within short penetration depth from the top surface. In addition, at a fixed total intensity, a higher heater temperature generally increased the drying time. However, at the same time, maximum temperature in the dried layer of the product was significantly reduced. This trend was found to be caused by the change in the spectral composition of light due to the heater temperature variation. A higher heater temperature shifts the peak in the spectral composition towards a shorter wavelength, resulting in higher radiation intensity in the near and mid infrared ranges. Then, the infrared radiation from a higher-temperature heater becomes less absorbed by the product due to relatively low absorption coefficient in the near and mid infrared ranges. The numerical model developed in this study can be a useful design tool for infrared-assisted freeze drying processes.
